The nucleotide and deduced amino acid sequences of three genes of turkey rhinotracheitis virus (TRTV) together with the nucleotide sequences of the relevant intergenic regions were determined. The deduced amino acid sequence of one of the genes shows significant identity (42 %) to that of the 22K protein of human respiratory syncytial virus (RSV). The TRTV 22K gene, like that of RSV, has a second open reading frame, although the amino acid sequence deduced from this reading frame does not show any similarity to the equivalent predicted RSV protein. The other two genes and their deduced amino acid sequences do not show any sequence similarity to the genes of other pneumoviruses. However, the hydrophobicity profiles of the predicted proteins do show similarities to those of the small hydrophobic (SH) and attachment protein (G) genes of RSV. The TRTV G gene is 1193 nucleotides in length and encodes a protein of 391 amino acids (M~ 42 984), which is rather larger than the RSV G protein (predicted M~ 36000). The TRTV SH gene is 589 nucleotides in length, encoding a protein of 174 amino acids (M~ 18 797), which is considerably larger than the size of the RSV SH protein (Mr 7500). The sequences of the intergenic regions derived from clones of polycistronic mRNAs and polymerase chain reaction products obtained with primers from different genes reveal the order on the virus genome to be 3' F-22K-SH-G 5'. This differs from the gene order of paramyxoviruses and morbilliviruses, which lack a 22K gene (and in some cases a SH gene), and the pneumoviruses RSV and pneumonia virus of mice, which have the F and 22K genes located after the G gene.
Introduction
Turkey rhinotracheitis virus (TRTV) was isolated as the primary agent causing rhinotracheitis in turkeys in the U. (McDougall & Cook, 1986 . Its morphology, together with the number and mobility of its proteins and mRNA species on gels, suggested that it was a member of the genus Pneumovirus (Cavanagh & Barrett, 1988; Collins & Gough, 1988; Ling & Pringle, 1988) . The nucleotide and predicted amino acid sequences of the fusion (F) protein have been reported and shown to be most similar to those of the F protein of respiratory syncytial virus (RSV), the type member of the genus Pneumovirus, and pneumonia virus of mice (PVM) (Yu et al., 1991; Chambers et al., 1992) .
Three pneumoviruses have been studied by molecular cloning: human and bovine RSV (Collins, 1991 and references therein; Lerch et aL, 1989 Lerch et aL, , 1990 Samal & Zamora, 1991 ; , and PVM (Barr et al., 1991; Chambers et al., 1990a Chambers et al., , b, 1991 Chambers et al., , 1992 . The genome organization of these viruses differs from that of the viruses in the Paramyxovirus and Morbillivirus genera in three main ways. There are two genes encoding small proteins of unknown function upstream of the nucleocapsid protein gene (in mRNA sense). A small hydrophobic (SH) protein gene and the presumptive attachment (G) protein gene are located upstream of the F gene, and there is a gene encoding a membraneassociated 22K protein located between the F gene and the large polymerase (L) gene. In human RSV there is a second open reading frame (ORF) in the 22K protein gene and the start of the L gene occurs within this gene (Collins & Wertz, 1985; Collins et al., 1987 Collins et al., , 1990a .
In this paper we show that TRTV has the 22K protein gene characteristic of the pneumoviruses, but that the SH and G genes are located downstream (mRNA sense) of the F gene.
Methods
Isolation of mRNA. Total cytoplasmic RNA was isolated from TRTV-infected cells and from mock-infected ceils using isotonic lysis followed by phenol/chloroform extraction and ethanol precipitation as described previously (Ling & Pringle, 1988) . mRNA was isolated from total cell RNA using oligo(dT)-celluiose (Collaborative Research) according to the manufacturer's instructions.
cDNA cloning, eDNA was synthesized from mRNA derived from TRTV-infected cells by a modification of the method of Gubler & Hoffman (1983) . The cDNA was cloned into the Sinai site of pUC13 and transformed into the TG2 strain of Escherichia coli as described previously (Chambers et al., 1990a) .
Screening for TRTV-specific inserts. Colonies that contained inserts, as judged on the basis of blue/white colour selection on plates containing IPTG and X-Gal, were analysed by the method of Grunstein & Hogness (1975) . The probes used were 32p-labelled firststrand eDNA synthesized from RNA isolated from TRTV-or mockinfected cells (Chambers et al., 1990a) . Three rounds of screening were carried out in this manner and a final round was carried out with the positive-sense probe in the presence of unlabelled RNA isolated from mock-infected cells. A clone containing coligated fragments of the G and SH genes, identified by Northern blotting and partial sequencing, was digested with BamHI and SacI, and the insert labelled by the method of Feinberg & Vogelstein (1984) . This was used to probe the colony bank and hence to identify clones that contained G or SH gene sequences. A synthetic oligonucleotide corresponding to a G gene sequence was used to identify further clones containing G gene sequences. Sequencing of the remaining G/SH clones that were longer than full-length SH genes identified a clone containing 22K gene sequences; other clones of this gene were identified using a probe made from a fragment of the 22K-SH gene clone containing only 22K gene sequences. One of these extended into the encl of the F gene, identified on the basis of its identity with the published F gene sequence (Yu et al., 1991) .
Identification of the intergenic sequences and 5" end sequences. The polymerase chain reaction (PCR; Saiki et al., 1985 Saiki et al., , 1988 ) was used to isolate DNA fragments corresponding to the intergenic sequences and the 5' ends of the SH and G genes. The oligonucleotides used as primers were GTAGTGCTAGTCATTCTAGG (F3) and GATCTTGGCA-AGCTTTTTGAG (22K 1) for the F-22K sequence, GAGTTTATAG-CTATATATACCTC (22K2) and GCTAAGATTGCACAAATCA-CAGC (SH3) for the 22K-SH gene region, and CGAGGATTACAA-GGAATGCATCTGC (SH2) and CCACACTTGAAAGATCTA-CCC (G2) for the SH-G gene region. The PCR products were endfilled using the Klenow fragment of DNA polymerase I, digested with an enzyme known to cut within one of the genes and ligated into pBluescript KS + for sequencing. To obtain the 5' ends of the SH and G genes, first-strand cDNA was tailed with dG and amplification carried out with oligonucleotide TRT5 (CTGCAGAATTCCCCCCCCCCC-CCCCCC) and gene-specific oligonucleotides SH 1 (GCAGATGCAT-TCCTTGTAATCCTCG) and G2 (Barr et al., 1991) .
In vitro transcription and translation of the SH gene. A primer with a T7 promoter sequence and the first 16 nucleotides of the SH gene was used together with a primer consisting of a T3 promoter sequence and 15 T residues (T3E) to amplify first-strand eDNA synthesized with T3E as the primer by PCR. Three bands were observed on an agarose gel, the smallest one corresponding in size to the SH gene. (The two larger bands appear to be other TRTV genes with very similar sequences at their 5' ends and these will be described elsewhere.) The smallest band was excised from a low melting point agarose gel and the melted gel slice was used in in vitro transcription experiments. Transcription was carried out with T7 RNA polymerase (BRL) according to the manufacturer's instructions. GTP was used at onetenth the concentration of the other nucleotides and 0.5 mM-cap analogue (Pharmacia) was also used. Additional enzyme was added after 1 h and the reaction was incubated for a further hour before the template was digested for 10 rain with DNase I. The RNA was extracted twice with phenol, ethanol-precipitated, extracted with phenol/chloroform and ethanol-precipitated again. One-tenth of the RNA was used in each in vitro translation experiment, which were carried out with reticulocyte lysate (NEN) according to the manufacturer's instructions with the addition of 20 I~1 of a twofold dilution of microsomal membranes or control buffer (Amersham).
Sequencing of TRTV-specific inserts. Plasmid DNA prepared from 5 ml overnight cultures was sequenced as described by Cane et al. (1991) using the -40 and reverse sequencing primers, and Sequenase version 2.0.
Results
The sequences of the 22K, SH and G genes of TRTV together with the intergenic regions and the deduced amino acid sequences of the predicted proteins are shown in Fig. 1 . The predicted sequences of the proteins encoded in relatively large second ORFs in the 22K and G genes are also shown. The sequences of the intergenic regions derived from cDNA clones and cloned PCR products synthesized from polycistronic transcripts revealed that the gene order is different from that of RSV and PVM. In initial experiments carried out assuming that the TRTV gene order was the same as that of RSV, no PCR products were obtained with primers corresponding to sequences from the F and G genes. The sequence of the intergenic region between the 22K and SH genes could not be determined precisely owing to a variation in the number of A residues at two positions. This was most likely due to stuttering of the viral polymerase during transcription of polycistronic mRNA, as described for both the synthesis of paramyxovirus P mRNAs and the addition of poly(A) tails (Hunt et al., 1984; Vidal et al., 1990) . The sequence was determined from a minimum of three cDNA clones or PCR products. The clones were considered to be independent owing to variability of the location of the 5' ends (owing to reverse transcription terminating at different positions) and/or variation in the number of nucleotides in the poly(A) tails. Two separate PCR reactions were carried out when determining the 5' sequences of the SH and G genes and their intergenic region. This reduces the chance of changes occurring early in the amplification being undetected (the same error would have to occur in two different reactions). Fig. 2 shows a comparison of the amino acid sequences of the TRTV and RSV 22K proteins. The proteins show extensive similarity, particularly in the amino-terminal half. The proteins have an overall amino acid identity of 42%, with 59% similarity. The corresponding figures for the amino-terminal and carboxy-terminal halves are 54% and 37% identity, and 73% and 51% similarity respectively. No similarity was observed between the predicted amino acid sequences of the polypeptides Fig. 2 . Alignment of the amino acid sequences of the TRTV and RSV 22K proteins. The sequences are encoded by the first ORF. No similarities were identified between the predicted amino acid sequences of the other major ORF. Amino acid similarity is indicated by a dot and identity by an asterisk. (Hopp & Woods, 1981) . Arrows indicate the position of potential N-linked glycosylation sites. ated a polypeptide with an Mr of 19000, in agreement with the size predicted from the sequence (Fig. 4) . There was a shift in mobility of the SH protein when microsomal membranes were used, suggesting that the single carboxy-terminal glycosylation site of the T R T V SH protein indicated in Fig. 1 can be used. The low Mr radiolabelled material at the bottom of Fig. 4 and the band representing an Mr o f about 43000 are always observed when translation is carried out with reticulocyte lysate and are not due to the added R N A .
The G gene of T R T V could not be reliably transcribed and translated in vitro even when it was synthesized by Fig. 4 . In vitro translation products of the TRTV SH mRNA synthesized in vitro either in the presence (lane 2) or absence (lane 1) of microsomal membranes, and analysed by SDS-PAGE. The sizes of Mr markers are indicated to the right. P C R using an oligonucleotide which would change the C residue at position -3 with respect to the A U G initiation codon to a more favourable A residue. The G genes of RSV and T R T V show little similarity apart from a hydrophobic region near the amino terminus characteristic of type II m e m b r a n e proteins and a hydrophobic region near the centre of the protein (Fig.  5) . Unlike the RSV G protein there is no clear hydrophilic region at the amino terminus of the T R T V G protein. The genes encoding both these proteins have a second potential O R F encoding proteins with predicted Mrs of 9286 for RSV and 10706 for T R T V , but there is no evidence that they are used and there is no similarity between the predicted proteins. (Hopp & Woods, 1981) .
Discussion
TRTV has been tentatively identified as a pneumovirus on the basis of the similarity of its morphology, polypeptide profile and mRNA profile to those of RSV and PVM (Cavanagh & Barrett, 1988; Collins & Gough, 1988; Ling & Pringle, 1988) . This has been supported by comparison of the inferred F and matrix (M) protein sequences with those of RSV and several paramyxoviruses and morbilliviruses (Yu et al., 1991 (Yu et al., , 1992 . The identification of a 22K gene also supports this assignment. However, the genome of TRTV differs significantly from those of the two other pneumoviruses that have been studied at the sequence level. The F gene has been shown to be located adjacent to the M gene rather than the G gene as in RSV (3' M-F 5" in TRTV compared with 3' M-SH-G-F 5"; Yu et al., 1992) . The data presented here show that the gene order in TRTV is 3' F-22K-SH-G 5' rather than 3' SH-G-F-22K 5', observed in RSV and PVM. The predicted TRTV SH and G protein amino acid sequences show only general similarities to those of RSV in terms of hydrophobicity profile, the presence of potential glycosylation sites (although not in conserved positions) and, in the case of the G protein, a relatively high content of threonine and proline residues. This is not surprising in view of the variability of the RSV G protein between strains (Cane et al., 1991 ; Lerch et al., 1990; Sullender et al., 1991) and the absence of any sequence similarity between SH proteins of paramyxoviruses. The SH protein of TRTV is unusual in having a relatively large carboxy-terminal region. The G protein is likely to be the virus attachment protein, but little is known about the probable functions of the SH and 22K proteins, although in the case of RSV both are minor components of the virus envelope (Collins et al., 1990b; Huang et al., 1984) . Genes encoding SH proteins have been observed in simian virus 5 (Hiebert et al., 1985) and mumps virus (Elango et al., 1989) , but not in other parainfluenza viruses, such as Sendai virus (Shioda et al., 1986) , or morbilliviruses (Crowley et al., 1988) . In the case of mumps virus no protein product has been observed although the gene is transcribed in infected cells (Takeuchi et al., 1991) . The TRTV SH protein has not been clearly identified in infected cells although a smear of [3H]glucosamine-labelled material, similar to that observed with the RSV SH protein (Olmsted & Collins, 1989) , has been observed in TRTV-infected cells (Ling & Pringle, 1988) . The function of these proteins in the virus life cycle and why they are not apparently required by all paramyxoviruses is not clear.
The 22K protein gene has been identified only in the genus Pneumovirus. Like the SH protein, its function and the reason why it is not required by other non-segmented negative-strand viruses is not clear. Since the major nonstructural proteins of the pneumoviruses are smaller than those of the paramyxoviruses and morbilliviruses, it may be that the 22K protein carries out some function performed by larger multifunctional proteins in these other groups.
The sequences at the 5' ends of TRTV mRNAs appear to be highly conserved, the first nine nucleotides of the three genes described here and those of the F and M genes reported by Yu et al. (1991 Yu et al. ( , 1992 being identical (GGGACAAGU). The gene start signals of other TRTV genes are probably also highly similar because the primer corresponding to the first 16 nucleotides of the SH gene amplified sequences from three other TRTV genes in addition to the SH gene. Comparison of the sequence of cDNA clones of the M gene (Yu et al., 1992 and our unpublished data) with that of the SH gene shows that there is only one difference in the first 16 nucleotides. The 3' ends of the genes are less highly conserved, the consensus for the genes described being (U/A)A(G/U)-UUA(A/U)NNAn. This is similar to the consensus derived for the mammalian pneumoviruses (Chambers et al., 1990a, b) .
The results presented here indicate that TRTV is related to the pneumovirus RSV, but that it has a gene order which differs from that of the two mammalian pneumoviruses by transposition of the SH and G gene pair. In some ways the underlying gene order of TRTV resembles that of the paramyxoviruses and morbilliviruses if the additional genes (1C, 1B and 22K) characteristic of pneumoviruses are ignored. The significance of the difference in gene order seen with TRTV is unclear, but due to the mode of transcription of paramyxoviruses it must alter the relative abundances of the virus gene products, and this may have consequences for virus replication.
